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TATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHWICAL NOTE NO, 637

PRELIMINARY FATIGUE STUDIES ON ALUMINUM

ALLOY AIRCRAFT GIRDERS* Ce =

By Goodyear-~Zeppelin Corporation
SUMMARY

Preliminary information on the complex subject of the
fatigue strength of fabricated structural members for alr-
craft is presented in the test results obtained on several
different types of airship girders subjected to axial %ten—
sion and compression in a resonange fatigue machine. A
description of this machine as well as numersus photographs
of the fatigue failures are given. There is also present-
ed an extended oibllography on the subject of fatlgue
strength,

GENERAL DISCUSSION OF PROBLEMS INVOLVED

It has been recognized for a great many years that
loads subject to numerous variations during tho 1life of =
machine are more severe in theilr effect than constant
loads. Scientific research on this subject of fatigue has
been carried on for the last three~quarters of a century,
and many general relations have been established and data
collected, which are useful in our present study.

In certain respects, however, the problems of alr-
craft design differ decidedly from those consldered in
most mrevious lnvestigations of this subject. These inves-
tizations have been largely concerned with the establisgh-
ment of endurance limits, or stress cycles of wvarious
kinds which can be withstood an indefinite number of times.
Thig information is suitable for the design of parts whose
life history consists only of an enormous number of approx-
imately equal stress cycles. Hany machine parts have such

*This technical note is based on an investlgation of fa-

tigue of airship girders made for the Bureau_of Aeronau-f

tics, Navy Devartment, by the Goodyear-Zeppelin Corpora-
tion.
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a life history. At the opposite . extreme are parts sub-
Jected to a congstant—load. Thei¥ deslign can be based on
ordinary static load tests. : . .

In most practical cases, however, the average life
history falls gomewhere betvem' théess extromes, and con-
sists of verious numbers of different kinds and intensil-
ties of load cycles applied to the same member. In some
of these cases ¥e ¢an immediately simplify the problem,
and perhaps reclaggify it in one of the .above* extremes, by
neglecting certain kinds of cyéles: thus &uy number of any
Iind of cycles below the—endurance limit-or a small num-
ber of cycles below the yield vpoint probably can be neg-
lected. However, theré is-not at present anxf?heoryyhor
- sufficlent data, for the rational analysls of most cases
of this sort. ' : ‘ '

In nonaeronautical a»plications thils lack of knowl-
eﬂge has not usually been congidered very serious. HMHost
cesgigneg are frankly based on paast experience with many
similar designs rather than on theoreticol considerations.
Weightg are usually not critical, so that one can be safe
by keeping the maximum stress cycles below the fatigue
limit evean when this is not really necessary, or by usling

very large factors of safcty.

must bé considered in design are Df this varying cyclical
type dé&scribved. Rapid developments in design and the com-
Paratively small number of units, parntigularly in the caso
of airships, makes the information which can be gailned
from past experience less compleote than in other figlds of
engincering. Moreover, pnst experience is s definite gulde
only when failure takes place. TFreedom from failure alone
does not roveal how close we may come to 1t, or how much
unnccossary weilght may be wasted in oversize parts.

Since we can neithor risgk failure in important perts
nor carry unnecessary welght, it-is evident thot work in -
devoloping more efficient methods of designing for these
complex conditions is important. . There iIs, to be sure, no
eviderce that past practice in aircraft design, which has
been based largely on the few cyvcles of fthe mazd mum load
to be expected during the life of=_part, without much
congideration of lesser cycles, has been inadequate - that
is, that fatigue has been an avprecilable factor in sgtruc-
tural failures which have occurred in the past. It is en-
tirely Dossible that, 'if the whole truth were known, the
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distribution in number and severity of the lesser stress
cycles would be found sucéh as to be completely negligible
in design. It is more likely, however, that some redis-
tribution in weight from parts unnecessarlIy ‘strong to
parts closer to the border line would be found beneflc{5I
Moreover, until we know exactly how we stand on this ques-
tion, we must tread somewhat carefully in considering
changes in design ~ for instance, in taking full advantage
of ‘improvements in the static strength of girders.

A rational study of this question would involve two
"part First, we must determine, or at least get some )
idea s_ta the probable life history in respect to loads
and “their variations of representative parfs of an ‘aircraft
in occtual service. Second, we must study the effect of
such stress histories on the parts concernsed and, if fa-—
tigue is found to be a critical condition, study possible
changes w&}q&-may improve matters. oo L
The first part,_ degtermining roughly the loads and
their variations whE€3$;Etually occur in an aircraft's
lifetime, 1s doubtless the most difficulte.but none the
less necessary if we are to get very far with {the problem.
Variations in the load on structural parts which run into
numbers having any importance in relation to fatigue, are
due principally %o control maneuvers, engine and propeller
vibration, and aerodynamic forces, including vidbrations
induced by the propeller slipstream or other unsteady a{r o
flow. o T T

Engine and propeller vibration is usually local in
its effect and presents problems similar to Those in other
types of power-plant mountings, with similar partial reme-
dies in flexzible engine mounts, damping, avoidance of res-
onance, etc. TVidration induced by the propeller slipstroam
lg in a somevwhat similar class. The probable number of
such vibrationg can readily be figured ang is so large that
it might as well be considerecd as infinite, but the range
of such vibrations (as distinct from the average stress,
which is detsrminable from statical consideratioans in the
usual manner) 'is almost impossible to estimate theoretic~
ally. Ir aciual aircraft it can readily be measured by
short-time tests at different speeds with conventional vi-
brometers, and the readings translated approximately infs
stress.

The stresses produced by control maneuvers can be and
have been studied by short—time, full-scale ftegts, using
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ordinary strain gages. However, this isg probably not—im-
portant from a fatigue standpoint, because maneuvers pnot
due to recovery from astmospheric disturbances probdbadly do
not occur often enough in tke life of lodg-distance air-
crats to be important in fatigue. The effects of maneu-
verg due to atmospheric disturbances might as well be
lumped in with the effects of—the: disturbances themselves.

Thig effect of=atmospheric disturbances scems to be
the big question mark for aircraft designers not only in
relation te load variations on moet of—the structure, dut
in relation to critical load conditions as well., Theoret=
ical or wind-tunnel investigations of hypothetical gust—.
conditions give us a picture of the possible relative dis-
tribution of load and the relative effects of size, shape,
speed, etc,, but they cannot tell us much about the abso-~
lute nagnitudes until we know more about the structures
and intensities of the atmospheric disturbances likely to
be actually met during an aircraft's life., We can, of
course, draw conclugiong about this from the higtory of
aircraft, although failures are frequently obscured by
lack of knowledge, or disagreement, as to the cause, while
freecdom from failure gives only =z.one—sided indication,
as dlscussed before.

It ig our opinion that the only feasible way,at this
stage of aircraft development, of getting more complete
information is by the installation of self-recording in-
struments in an airplane engaged in regular operation.
Such insgtruments should record with reasonable accuracy
all the infarmation required for designing agailngt cither
static or fatigue failure. This information might include
the naximum and minimum stresses ever reached, and the nun-
ber of cycles of sgeveral different ranges of stress, say
from 6,000 to 9,000 pounds per square inch range, 9,000 to
15,000 pounds per square inch range, etc., all stress cy-
cles being approximately weightcd . to allow for the known
effect of the different wesn stresses corresponding to
them. The instruments should be completely automatic and
not interfere with normal operation ofthe aircraft. They
should be connected all the time gnd not requirc attontion
more than a few times a year, when they would, of courss,
be read. They must, of course, be reasonably cheap, light,
and accessible so that a—mumber of them can be used with--
out excessive expense. An ingtrument to answer these re-

e guirements is under development at the present time,

Objections have been ralsed to such strain measurements,
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that they would be incomplete or useless unless coordinet-
ed in some way with each other and with manometer readings
showing the changes in asrodynamic forces which produce
the changes in the forces in the structure. However, the
taking and studying of such coordinated data would be an
enormougly more expernsive program than the one suggested.
In the last analysis the designer of an aircraf} neads to
know the maximum forces and the force changes will
be experienced by different parte, but he does not neces-
gsarily need to know the combination of circumstantces which
causes thege forces. S

To be sure, complete studies of completely coordinat-
ed data may be necessary before he can rationally exitrapo-

-late from data on certain parts of the aircraft to all

other parts, and from data on one typc of aircraft to any
other type. But at the present moment the data from even
a dozen or so instruments such as proposed, placed at a
few strategically located points in typical alrcraft, and
read a few times over an interval of a ysear or two, would
represent a large advance in our information. Such data
would, of coyrse, be used ih conjunction with our present
aeTOdJn”micﬁl’and stress-analysis knowledge, which provide
a reasonable means for extrapolationm for the present.

More elaboratée programs may be possible later but pro-
grams of the type proposed, using as many instruments as
seem praciical, should ecertainly be. carried out as soon as
possible, Without such information we may design very in-
efficiently as regards the effect of atmospheric disturb~
ances.

The effect of such disturbances is, of course, much
greater on some parts of an aircrafi than on othegjgﬁxte.
It is therefore useful, both for determining the most _
suitable points for attaching instruments in carrying out
the aboye program and for design or other purposes whlle
we are waiting for such a program, to roughly classify
different varts of the aircraft as to the imporﬁance “of
this question.

As a result of our own contact with these problems,
we are inclined to classify the structural parts of a
rigid airship into seven groups as followss

1. Members whose strength is mainly determined by
consideration of a rare emergency, such as loss
of gas cells. The frequency of occurrence of
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guch an emergency can probably be regarded as
insignificant ingofar as fatigue is concerned.

2. Mombers which are cxpected to suffer occasional
high stresses due to unfortunate coincldences
of unusual gusts .with harsh mancuvers. Tho ap-
nralisal of thig contingency depends much on the .
exmected method of coperation of the airship in
service. '

7. Members likely to be subjected to important
stresses by some temporary severe condltion of
dynamic Lift or unusual trim or loading, or in
ground handling and mooring. Such stresses may
occur at intervals and ‘last for a certain @yile.

4, Members likely to bear the brunt of the forces
incidental to flight control; these forces will
occur essentially at the frequency of the ele-
vator and rudder controls. They are greatly
enhanced in rough weathér or by special maneu-
vers, while. in straight flight through calm
weather this tyoe of streass cycle 1s insignif-
icant, sometimes for hours. Flying with dynam-
ic 1ift or out of trim may make the cycles due
to clevator movement unsymmetrical,

5. Meombers subjected to repegted loads by people
walking ar climbing over them may suffer load
repetitions which can be estimated from service
considorations. ' o

6, Members exposed to the slipstream of propellers or
to the vibrations trangmitted from parts of—tho
nower plant and accessory machinery may suffer
stress repetitions rapidly growing into mil-
lions. It is in these members where btrue fa-
tigue considerations may Dbe predominant. Here
the limitation of stress amplitudes is malnly a
matter of avoiding resomance, as in nost in-
stances it is relsotivoly oasy to keep nonrego-
nance stresses lowe. ' '

7. Tluttor of self-sustalned aerodynamic resonance
. of warts exvoseod to the ;wind has not yet been
rovorted ns giving serious troubles on alrships.
If air sneeds nre incresmsed, flutter problems
nay demand ottention also. B
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The second part of any program for studying this
quesiion, namely, the study of the effect on an aircraftls
parts of the types of stress history they will actually
experience, and possible improvements which can be made,
should logically come after the first part, gboves TUntil
the first part is at least part¥glly completed, weé do not
even know if fatigue is a critical condition which needs
to be congidered at all at present. However, since 1t is
nrobable that fatigue is of some importance in at least
some parts, it is undoubtedly useful to study the general
fatigue resistance of present types of construction which
are sabisfactory statically, and means of improving the
Tatigue resigstance without undue sacrifice in other re-
spects. T T

Since the Goodyear-Zeppelin Corporation has had no
opportunity to carry out a program of flight tests, 1its
tests as well as the remaining portion of this paper are
of nocesslity confined to studies of the fatigue resistance
of airship girders.

Since a laboratory fatigue test can only simulate ac-~

tual conditions in an idealizing manner, 1t is necessary
in devising such tests to ascertain what factors may have
an influence upon the number of cycles of a stress below
the static strength a structure member can withstand.
Some of these factors are discussed below.

One fundamental factor is the material from which the
member is fabricated. ‘A great deal of information is
available on the fatigue strength of steel and straong alu-
minum 2lloys. The American sitrong aluminum alloy which ig
of primary interest in the present investigation is 17S~RT.
Fatigue curves showing the results of reversed bending '
tests made by the Aluminum Company of America on I?ST and
17S~RT shect are reproduced here in figure 1. )

In airship construction, girders are usually designed
to transmit axial forces. Some of them may be called upon
to talke some bending and shear. Torsion is usually insig-
nificont. To transmit compression effectively withoutl
buckling at low stress, the boom members are generally
channeled. The fabrication of these channel bends or
grooves may have an influence on the fatigue strength.

This nroblem can probably be studied sufficlently by tests
on booms. Since this manivulation redistributes the :
strosses locked up by the last cold work done on the sheet,
one may be led to agsume that at convex regions where the
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material has been stretched, tie matorial would be more
suscoptible to fatigue. Eowever,: it may be that such
strotching ie inconsequential when it—-is at right angles
to the forces applied in an axial. fatigue test.

In booms of compositeo construction in which sovoral
clenents naralleling each other are Jjoined together by
rivoting or welding, the joining elements will carfy part
of the load even though their main purposo isgs to gupport .
the cdges against crimping or to prevent the channels fron
becon\:«.nb unsgtable .in torsion or bhending betweon lattices.
These elements may produce apprecladle stress ccncentra-
tions or notch effects, Their seriousness must be expect-
ed to dewend on the riveting or spot—wolding tecchnique and
on tie rivet vattern with respect to the stress flow in
the surrournding material, In many of the past tests of
such gtructures the initial fatigue cracks started from
rivet hwoles or weld spots or at least vassed through such
points, It is obviously impractical tc design most struc—
turcg without using some method of Jjoining, such as rivets
or welds., And if such Jjoints are:usecd the fatigue gtrength
of tho Jdqolnts, rather than the fatigue strength of the na-
terial in eome ideal form, is evidently the upper 1limit,
or "1CO percent" which good-design may hope to achievse.

In latticed girders where the mutual support between
booms is concentrated in individugl lattices which are usu-
ally shear carriers, a mere axial load on the gilrder will
cause sgome axial stress in the lattice as well, but the
lattice /unless it be pin-jointed, which it usually is not)
is also subjected to bending and shear and it in turn im-
parts gsocondary stresses to the booms. These may ehhanco
the effect of the presence of the wrivets or welds.

In girders having booms with perforations, lightening
holes, indentations, Vierendeel webbing or other regularly
revmegted varlations of cross sections, there may be a com-
plex flow of stress around such holes or receogsges ACCOMDA~
niod by stress conccentrations at notch points. It has bcen
freoegquently observed that the weakest point of a structure
in fatizue is not always the wcakost point in a static
test to destruction by a singlo load surge. In generel,
gevere stress concentration vpoints; are more likely to prove
volnts of weakness in fatigue than: in static tests.

Waturelly, if it were necessary to determine the fa«
tigzue pekavior of composite girders under all possible
loading conditions, tests would have to be made with ten-—
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sion, compression, bending and shear (if_not_tdrsion), and
critical combinations of these. To cover this,huge field
of variations would be an extremely voluminouskﬁob. How-
ever, 1t is contended by some that even a few systematic-
ally selected tests may teach lessons of fundamental sig-
nificance for rational design., It is from this standpoint
that the present investigation was mostly focused on ten-
slon~comdression tests. ' B

There are many other influences besideg the design
that bear an influence on fatigue strength. Among these
the following deserve attention? '

Surface condition in regard to scratches and flaws,
egpecially at the rims or flanges of punched holes} also’
- corrosion by chemlcal or atmospheric agents. Many labora-
tory tests have shown that highly polished specimens have
fatligue strengths higher than similar specimens with im-
perfeoct surfaces, and that this difference in fatigue :
strength is very marked. It is manifestly impossible to
obtain material on a production basis that is absolutely
free of 211 surface imperfections, and it is equally ap-—
paront that some additional flaws cannot be avolded in the
handling of the material necessary during fabricatlon.
While careful handling will, of course, keep such flaws to
a ninimum, this cause alone would produce a substantial
lowering of the fatigue strength of the girder as compared
with that of the carefully selected sheet specimen. '

Some investigators have endeavored to determine the
influence of spneed or frequency upon the number of cycles
sustainecd. ' With plastic materials undoubtedly higher fre-
quency permits less flow per cycle and therefore longer
resistance. Naturally, if o test spoced were so high that
heeting due to hysteresis would locally raise the tempera-—
ture enough to affect the physical properties of the re-
gion. surrounding the crack, such a test would be mislead-
ing. ' ' '

It has been suggested that the repeated application
of load cycles at stresses below the ultimate fatigue
strongth (of the critical stress concentration regions)
may improve the endurance of the system against subsequent
cyclos exceeding the ultimate fatigue strength. If this
is o fact, then this phenomenon will undoubtedly work %o
the benefit of airship structures in service wheore most
of tho scrvice load cycles are probably confined to moder-
ate stress amplitudes. . The same, however, would apply in



10 N.A.C.A. Technical Note No. 637

some measure o owur resonance machiné tests whore some ad-—
justments often had to be made at moderate stress unitil
obnoxious secondary resonances or beats were eliminated
and thei routine at the dedired stress amplitude could be
begin. 5 = ; ) e . y _

NEW AXIAL FATIGUE TESTS ON AIRSHIP GIRDERS

Degeription of fatigug_gagglggf— Preliminary fatigue
tests of airship girders had led to The conclusion that
a groat deal of valuable informatian might be gained dy
meking oxial tonsion-comprossion fatigue tests on glrders
in a stress range where the enduranceée would be of the or-—

der of 10* to 10”. In order to complete such tests in a
reasonable time per specimen, a regonance fatigue machine
developed and operated by the Goodyear—Zeppelin Corpora-—
tion and suitable for frequencies hetwegen 30 and 100 cy-
cles per. second had proven quite practical. -

All girder specimens tested far the present report
were testwd on. this resonance fatigue mgch ine, which ie
shown in figure 2. In this machine the girder spescimen
ig subjected to alternating tensiocn and compression cy-
cles. The girder is fitted with terminal shoes to which
ere fastened heavy masses so chosen that the natural vi-
bration frequency of.one mass asalnst the other 1s of the
desired order of magnitude. Tho whole system is suspendod
horizontally from soft springs whose. epring congtant is so
small that the natural froquency of the whole welght sus-
rended is much slower.than the frogquency of one welght
against the other. Thus practically no ensrgy is disgi~
pated through the suspensilon into the dbuilding.,

In order to set up stress vibrations in the girder
and meintain thém at a given amplitude, an alternating
attraction and repulsion force is produced between the
maszes. Thig force is controlled to alternate exactly
at the_ natural frequency of the gilrder—and-mass_systemn.
The force reguired to sustain an elastic stress amplitude
is dut a small fraction of the dynamic force exerted be~
tween the oscillating masses and the girder, which is the
force actually stressing the gilrder.

i L. o e R = ki, —

* : .
Subsequent to the pressuntation of fhis ropory a descrip-

tion of the Resopancc Fatisue Machine wags published in
the Septomber 1937 igsue of the Aero Digost.,
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Thoe machine is built for resonance control of frequen-—
cy. The- push-pull ascillation is obtained by means of a
reclnrocating solenoid motor, the motor consisting of a
steel encased direct -current magnet in whose steel circuit
there is ax annular air gap. A solenoidal armature is sus-—
vpended by means of guides to oscillate axially through the
radial mesgnetic field when energized by the alternating
current of controlled frequency. The magnet is part of the
mass at one end of the girder and the armature ig fastened
to the mass at the other end.

The control of the frequency of the armature current
is obtained from a magnetic pick-up consisting of a simi-
lar but smaller system of magnet and armature in which a
slight electric alternating current is induced by-oscilla-—
tion of the masses. The pick-up circuit is provided with
a phase control by means of which adjustment for stable

resonance is obtained. The alternating current for the ma=~

chine ig produced by two mercury-vapor grid—glow “tubes in
an inverter circuit.

The stroke or amplitude of the machine is measured by
neang—-o0f a small wedge-shaped target mounted on the drive
rod. The target image as v1ewed through a microscope -
mounted on the other mass appears blurred during osdTIla~
tion but its excursion amnplitudes can be sharply made out.
The gtroke is read by goazing the location of the apparent
intersections of the penumbra contours against the Trans-
verse scale, The amplitude is controlled by means of reg—
ulating tho direct current input of the inverter circuit.
This is accomplished by regulating either the input Theo=
stat, or the direct-current voltage, or both, so that the
stroke attaing the desircd value as seen in the mieroscope.

To keev accurate track of the number of cycles com-—
pleted, a counter and a motor-driven 1og are provided.

Mounting of test spocimens.—~ The girder ends of all
the tcst specimens were cut square and solidly fastened
into double-wnll stcel shoes by means of Libowitz metal to
a decpth of apyproximately i~5/8 inches. A length of 49
inches between faccs of the end shoes was adopted as. the
standard length for these tests, giving a distance of
37-3/4 inches betweon cast surfaces of the end shoes.

The stress variation was computed from the measured
amplitude ond the effective length of the specircen, the
modulus of elasticity being assumod to be 10,300, 005 pounds
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per sguare inch. The effective length differed slightly
from the above length due to the method ¢f end fastening,
the difference beoing estimatod from gtatic tests of laong
and of very short spocimens. (Sve fig. 3, showing a long
sneciman. ) : : '

Dogerintion of tegts.—~ The results obtained in tals
nregent series of tests are given in table 1, and are pre-
sented graphically on the SN curve shown in figure 4. Tho
toets may be divided into the folleowlng general groups ac—
cording to the types of girders tested: )

Speceimens 1, 2, 7, 9, 11, 13, 16, 17*

1. &2 3000907

2. GZ 8X382 - Specimens 3, 5, 15%**
3. LZ2-128 - Specimens 8i- 10, 18

"4, "Shenandoah"

Spacimeng 12, 14

5, Bureau of Standards (riveted) - Specimen 4

~

6. Bureau of.Standards (smot-wolded) - Svocimen 6

®*GZ 2000907 type zirder was one of geveral types
uged on thc "liacon".

¥*GZ SXB82 is an cxperimental type girder, devel-
oped from a box—type girder by additlon of
closing channelg in all four corners.

A wors detalled grouping of the various specimens 1is
nogsible in order to illustrate the affect of ceortaln vari-
ablcsfypon the fatigue limits of such structures:

\//&n dotormining tho offact of incrcasing the material
thicknoss of the girder, spocimens 7 and 9, of 0.040 gage
may be comparcd with specimens 11 and 13, of 0.02% gage.

Thc effect of omitting the 1/4-inch diameter holo of
the 3000191 perforation is indicated by a comparison of,
spccimens 1 and 2, witnout—holecs, and 11 and 13 with holes.
These four specimens are all of the Eame gage, hamely 0.023.

The effect of omitting the perforations in the corner
closias channels ig shown by a comparison of specimens 3
and 15. : ’ ’

Some indication of the comparative strength of spot-
welded and riveted connections ig. furnished by specimens 4
and G, ’ ’ '
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The possible effect of splicing a girder is indicated
by the two specimens 5 and 15, the former having a splice
in one boom while the latter dld not. It should be noted.
however, that the splice in question was known to be in

poor condltion as the result of a nrevious statle test, so
that the comvarison is hardly fair.

The number of cycles to both the first observed crack
and to final failure of the specimens is given on the S=N
graph of figure 4. At the rather high freguency at which
these tests were run, it was, of course, impossible to de-
ternire the exact number of cycles at which sach crack
develoved, but the test specimens were observed very close-
ly throughout cach test and the cracks were detected in

ost caseg in theilr incivpient stages,

In many of the tests, failures occurred with a dis-
tincetly audidle cracking noise. Inp almost every case tiais
sound was associanted with a crack finally breaking through
tho edge of the matorial, completing the failure of a chan-~
nel or boom. '

Following are some pertinent observations made on-
each test. All tests were conducted in the Goodyear-—
Zeoppelin Research Laboratory between October 1 and Decemn-
ber 15, 1936

Svecgimen Mo, 1: Speccimen No, 1 was a special
GZ 3C00907~1 type girder, varying from the standard
3000907-1 girder only in that the small l/4—1nch diameter
holecs at the cdges of the perforations were eliminated in
both webbing and channol. (Sce fig. 2.)

The first erack occurred at the equator of a largse
perforation in the webbing, quickly followed by three addi-
tionel cracks, all at equators of large perforations in
the wobbing and all near the cnd shoes. (Seo fig. 5.)
Final failure of the girdor took place through the large
perforation opposite one of the original cracks._ The fail-
ure did not vass through a rivet hole.

Specimen No, 2: Spccimen Nao. 2 was 1dentica1 to Hpec—
imen No. 1. No preliminary cracks were observed, failure
of the webbing occurring with & snap through the webbing
at the first large perforation. The failure did not pass
through a rivet hole. The channels of the girder showed
no ocutward signs of cracks at this point, the test not be-~
ing continued to complete failure of the girder.
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Svecimen No. 3: .Girder specimen No, 3 was a GZ SX382-2 __
type, with tubular corner booms. :This type girder las es-
sentially a refinement of the GZ 30009Q1l type, the addi-
tion of perforated closing chanmels in all four corners De-
ing the najor alteration. (See fig. 6.) This girder had
previously becn given a stmtic compression test in a length
of 55 inches, failing by buckling at a stress of 44,700
pounds ver square inch. The damaged section bad been cut
away and the remainder of the girder was used for this
fatigue test. : - T ' :

. The first crack originated in a perforation of the
closing channel and was feollowed quickly by numerous oth-
ers. After 79,000 additional cycles the machine was '
stopped and tho girder closely examined. The four closing
strips were found to have a total of 37 cracks, all of
which originated at the perforations., No traces of cracks
could be found in the corner channels or webbings.

Pinal failure was in the form of a crack almost com-
pletely around the corner channel and the closing strip.
The crack was epproximately 10 inches from the end shoe,
opposite a heart-shaped hole, =nd passed through a clos-
ing strip perforatiocn and a rivet_hole. _Only one webblng
was cracked, this crack passing through a heart-shaped
hole at the cracked.cornér. T i T

Of _the 40 cracks found in the closing strips after
completion of the test, 26 were found oppositc heart-shaped
holes, the other 14 being scattercd. Only nine of the 40
cracks massed through rivet holes,' the remaining showing
no inclination to progress through rivet holes, 8 in fact,
passing very near rivet holes without deviating to pass
through them. o o ' T "

Specimen No, 4: Specimen No,. 4 was aﬁ N.A.F. riveted

girder roferred to. ag 6351-2. (Ses fig, 7.)

The first crack occurred at the bend of the flanged
perforation, being at the. cquator of the first large hale.
(See fig. 8.) Additional ecracks developced in rapid order,
always at the bend of thae flange. ' The cracks all pro-
greossed in both directions, to the perforstion and to the
edge of the webbing. There wes always a distinct report
as the crack finally parted the material. Finally one
corner voom onpositec the equator of the first perforation
from the end .shoe cracked, the crack starting in the cor-
ner of. the hoom and progrossing in hoth directions to the
edgoes.
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Specimen No. 5t Specimen No. 5 was a specilal GZ SX382-2
type girder, being the same as Specimen No., 3 except that
the perforations were omitted from the closing channels,
This specimen was cut from an ll-=foot-girder previously
tested statically to destruction. One corner channel of
the test specimen had a splice approximately 6 inches from
.the ond shoe. The girder was originally constructed with
- perforated closing channels, having been dlsassemblecd and
rebullt . wifth blank closing channels for this tost.

The first sign of failure was a crack which developed
at the first rivet hole of the gplice. This crack contin-
ued to:develop until the corner channel and closing chan-
nel werc completely soversd.

The splice of the girder was of rather poor workman-
ship, not being a varticularly tight job. Shortly after
the test started, the splice angle was found to be notice-
ably warmer than the adjacent girder, and emitted a dis-
tinet vibrating noise, indicating the. possibllity of a
loose rivet or rivets. o

An attempt was made to continue the test of the gird-
"er to determine the number of cycles before failure of the
remainder of the girder. Oracking of the webbing on both
sides of -fhe damaged channel soon followed, dbut noc further
damage developed and the threse remaining corners showed no
signs of failure after 1,170,000 cycles at approximately
the same stress, namely, i?,QOO pounds per square inch.

Svecimen Nu. 6: Girder specimen Wo. 6 was an N.A.F.
girder, referred to as 6351-1B, being similar to 3pecimen
No. 4 except that it was of spot -wolded construction in-
stecad of -rivetad. In order. to afford a direct compari'son
with the rivetecd girder ¥o. 4, this girder was ftested at
the same stress., P83 to warping of the girder in 1ts con-
struction, the girder could not be lined up as well in the
stress machine as the remainder of the girders in the fest
Program, but the very slight misallénmont of the girder
was not thought to be sufficient to materially affect the
results.

Tho first ecrack was followed in rapid succession by
numerous others. It was not vossible to determine defi-
nitely whether the first crack ocecurred .in the center of
the girder or at onc.end, but all of the numerous cracks.
originated in the spot wclds and progressed in both direc=~
tions through both channels and webbing. (See fig. 9.)
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No cracks originated at the flanges of the perforations as
was the cases with Girder No, 4. . . :

Svecimen No. ?7: Girder No, 7.wag & standard . . . .
GZ 3000907-6 type girder with 1/4-~inch dlameter perfora-
tions. The first crack was near the center of the girder
and originated at a 1/4-inch diameter hole in the webbing.
A gecond crack occurred almost immediately, also in a 1/4-
inch perforation, but at one end of the girder. Approxi-
mately 3,500 cycles after the first crack, a third crack
was noticed in the opposite end of. the girder from %the _
second crack, also through a 1/4-inch hole, dbut in the
channel. A fourth crack then originated in the webbing at
the large hole about Z/4-inch offsét from the third crack.
Thig last erack then progressed through a rivet hole while -
the crack in the channel simply progressed directly at the .
edge of the chanhel, the corner being cracked completely. _
(See fig. 10.)

Specimen No. 8% Specimen No, 8 was a "Log Angeles® o

type longitudinal girder furnished by the Bureau of Stand-
ards. (See fig. 11l.)

Failure occurred approximately 10 inches from the end
shoe, one corner cracking Jjust outside the truss connec~
tion, toe crack originating in that portion of the chan-
nel flange that is bent back for the truss.

The test of this girder as a whole was considered as
being very unsatisfactory. The girder vibrated consid-
erably transversely in the machine; wéights having to be
attached to the central section of the girder to offset
this tendency. This transverse vibration was of suffi-
cient intensity to cause the rosult of the test insofar
as the number of vibrations to fallure of the girder was
concerned to be doubted, but the test did indicate the
possiblo voint of woakness of this type of girder in fa~
tilgue. : '

Svmecimen No, 9: Specimon Wo. ‘9 Was a standard GZ o -
type 3000907-6 girder, being identical to Specimen No., 7. -

The first crack occurred at a 1/4~inch hole in the
webbing apvroximately 6 inches from the end shoesg. 2,700
cycles later a second crack was observed at the opposite _
end of the girder, also at a 1/4-inch hole in the web- <
bing and anproximately 6 inches fram the end shoe.,
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In the final failure of the girder, the second crack
which had originated at a 1/4-inch hole in the webbing
progressed to the edge of the webbing, while a crack in
the channel developed at a polnt 1/2-inch offset from the
crack in the web. The failure of the channel was at a
heart~ghaped hole and passed through:a rivet hole.

Snecimen No, 10: Specimen No, 10.was_a "los Angeles'

typre girder furnished from the Bureau of -Standards, being

gsimilar to Specimen No. 8, with the exception of a U-shaped

channel riveted along its apex. In order to. reduce the
troublesome transverse vibrations which were believed to
have led to premature failure of Specimen No, 8, the end
wvelights. of the resonance machine for this test were ine-
creased suffliciently to materially reduce the frequency of
vibration, resulting in the test being run very smoothly
with very little transverse vibration of the girder.

The first crack occurred in the U channel riveted
to thoe apex, approximately 12 inches from the end shoe. )
4 second crack, also in the U channel, originated 4,500
cycles later, 6 inchesg from the opp051te end shose. 23,400
cycles after the first observed crack, one of the bases
opposite the apex suddenly cracked completcly tkrough at a
truss conncction 8 inches from the end shoe. It was con-
sidored quite possible that the first crack of the glrder
originated at this voint but was undetsctod bocause of
being under the truss.

The failure 4did not occur at a point where the flangeo
of the channel is bont back for the truss conncction as
was the case with Specimen No. 8. It did pass through a
rivet, however, which had becn drilled out and replaced by
the GZ shop in mounting the girder. The replaced rivet _
was not in the proper heat-treoated condition and may have
been a contributing cause to the failure. In addition,
the flange of the channel at the point of failure had been
slightly damaged. Both of these effects, however, are B
thought to have been of minor significance insofar as the
total life of the girder was concerned inasmuch as cracks
had developed at other points of the girder.

Svecimen No, 11:  Girder specimen No, 11 was a stand-
ard GZ girder type 3000907- 1, similar to Specimen No. 7,
but of lighter gage.

The first crack occurred at a 1/4~inch diameter per—

foration of the webbing 2 inches from the end shoe. 4,500 o
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cycles later a secand crack occurrdd, followed shortly by
numerous other cracks, all orlglnatlng in the 1/4-~inch
holes. ‘Flnal failure of the girdexr came 2 inches from the
end shoe, passing through a 1/4-inch hole in the web and a
heart~shaped hole in the channel, the break of the chan-
nel and the webbing being approximgtely 1/2-inch offset.

Spvecimen No, 12: Specimen -No. 12 was_a "Shenandoah"
type girder furnighed by the Bureaud of Standards and re-—
ferred to as 553 Special. The apex .of the girder failed
without any observed preliminary signs of failure. The
failure occurreod 8 inches from the .end shos, - bassing
through a grommet hole. (Grommets of approximately 1/4~.
inch diameter were located in the ‘apex channel at1~5/8
inch spacing,) The crack was at the first ftruss connec-
tion from the ond shoe, not passing through a rivet hole.
(Sce fig, 1l2.) While the crack passcd through that sec- -
tlon of the flange which ig bent back for the truss conw
nection, it is not known whether it actually originated
there or in the grommet hole. Comnsidering tho very audi-
ble cracking noise with which the break -occurred, which
noise is usually asgssociated with a crack finally breaking
completoly through a channol or welbing, it seoms most :
probablo that the crock originated ;in the grommet hole and
then traveled to the edge of ‘the channel,

Specimen No, 13: Specimen Nogj 13 wgs a standard |
GZ 3000907-1 type girder, being similar in every resgpect
to Svecimon No. 11,

The first crack occurred at a 1/4-inch hole in the
webbing 4 inches from the end shoe,;ﬁ4,500 cycles were Te-—
quired for this crack to progress to the edge of the web-
bing with 3,500 additional cycles heing required before
failure of the- channel at a o01nt-I/L~inch offset from the
failureé of the web.  ThHe crack in the channel pasgsed
through a heart-shaped hole and a rivet hole. At complc~
tion of the test, only one crack other than that at the -

voint of fallure cowld be Ffound, thig one originating at
the l/$~1nch hole in the wobblng at the opposite end of
the girder. o o - _ e e

Svecimen No, 14: Specimen No. 14 was _a "Shenandosh'
triangular lattice-type-girdoer similar to Specimen No. 12
but of lighter gago. This girder had 1/4-inch grommets
in the apex at 1-5/8 inch spacing as did the former "Shen-
andoah" girder. '
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Although the girder was observed very closely through-
. out the test, no preliminary signs of a crack or failure
could be found before total failure of the apex channel
occurred. As was the case with Specimen No, 12, the fall-
.ure occurred at a grommet holt, approximately 12 inches.
"from the end shoe, but in this case did not pass through

a truss connection. Due to the suddenness of the fallure,
it is impossible to say definitely where the crack origi=-
nated, but it is thought to have had its origin in the
grommet hole -and thence progressed to the edge of the
channel.

Specimen No,., 15: Specimen No, 15 was a G2 SX382 type
girder, boing identical to Specimen No. 5 except for the
omission of the gplice and a difference in length. Like
Specimon No, 5, this girder had no perforgtions in the
corner closing channels, the tost being intended to serve
as & comparison with Specimens Nos. 3 and 5, the former
having perforations in the closing channels and the lat-
ter a splice angle. -

The first crack occurred at a small 1/4-inch hols in
the webbing, followed gquickly by numerous others. The
first crack in the closing channel came 32,000 cycles
later, originating in the flange with an additional 39,000
cycles being required before a crack appeared in one of
the corner channels. After still another 137,000 cycles
s second crack eppcared in a - channel -flange, with final
failure of the channel coming 16,000 cycles later. This
final failurc was approximately 5 inches from one end
shoe. The crack in the corner channel passed through
rivet holes, but the crack in the closing channel did not.
One of the side webbings failed at the diameter of the
larze verforation, while the other webbing failed through
a small 1/4~inch hole. ' _

Specimen No. 16: Specimen No. 16.was a special tyve
girdor closcly resembling the standard GZ 3000907 tyve.
It was a rectangular box-type girder differing from the
907 girder only in the substitution of the 1000829 channel
for the 1000805 used in the 207 type. . The 1000829 channsl
has a 3/4-inch flange while the 1000805 has a 9/16-inch,
the channels otherwise being identical. Since thia. slight
difference is thought %to be of no consequence insofar as
the fatigue strength of the girder is concerned, this
specimen is considered as a standard 907 type girder in-~-
sofar as this report is concerned. .

.
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The first crack occurred at B 1/4-~inch hole in the
webblng and was followed quicli by numerous other similar
cracls at 1/4-inch holes, 211l in the webbings. Affor
108,000 additional cycles the first crack in the webbing
had progressed completely through to the edge- of the web.
Four such cracks shortly progressed completely through tho
webbing, but no signs of failure were abserved in the
channels until final faillure occurred with & break through
the channel corner 14 inches from the end shoe, passing
through 1/4 inch diameter holes of the webbings and through
a rivet. .

The 1/4~inch diameter holes of this girder were vory
deeply flanged for 0.045-inch materlal with the proba-
bility that fabrication cracks ardund the holes were Prob-
ably prescnt bofore the fatigue test started. The early
appearance of cracks in the course of the test is thought
to nave becn caised by the further opening up and progress-
ing of these fabrication cracks, borne ocut by the fact
that final failure of the girder did not take place until
a very substantisl number of cyclesg later.

Specimen Na. 17: Specimen N¢. 17 was a gpoclal GZ
3000907 type girder gimilar to Specimen No. 16. A4s 1t was
believed that the early cracks which appeared at the flanges
of the 1/4~inch holes of SpecimeniNo. 16 were the result of
fahrication cracks opening up after a comparatively few cy-
cles of stress avplications, the 1/4-inch holes of the
webbing of Specimen No. 17 were drilled out slightly. The
flanges of the holeg were not ontirely removed in thig
procesg, it merely being intended,to remove sufficient of
~the mqterlal -toc eliminate eny fabricatlon cracks that
might have been present. - '

The first observed crack occurred at a 1/4-inch hole
of thc webbing approximately 13 inchesg from the end shoe.
A socond crack also at a 1/4-~inch hole in the webbing,
came after 72,000 additional cvcles; followed by a third
ginilar crack 25,000 cyclos later: Final faillure of one
corner of the girder occurred 11 inches from bthe end shoo
through a rivet hole where by an oversight the rivet had
not beon squeezod. The failure to squeeze tho rivet was
thought to have been a determining factor in the life af
tho girder inasmuch as the failure passed through tho
large perforations of both webhings instoad of the small
1/4~1nch diametoer hole as usual. This is also borne out
by the fact that the feilure did not occur at any of the
earlicr cracked points of the wobbings. Drilling out the
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flanges of the 1/4 inch diameter holes of the webbing ap-—
parently had no notlceable offect on thse fatigue life
of the girder, o
Specimen No. 18: "-Spocimen No, 18 was a "Los Angeles"
triangular lattice-%ype girder similar to Specimen Yo, 10.
One slight alteration in the girder was nocessary.“ The
0.039=-inch U~shaped channel riveted to the apex did not
cxtend entirely to the end of the girder, necessitafing
its romoval and replacement by a similar 0.040-inch chan-
nels, This oporation is thought to hqve had no offect on
the test.

Tho first crack occurred’ 7 inches from tho end shoe
and originated in one of the base channels where the
flange i1sg bent back for the truss connection. Once the
crack ecppeared, its progress was rapid, requiring only
3,600 additional cycles to progress complctely through tho
baso chennol.

.This specimen ran fairly smoothly in the resonance .
fatigue machine - that is, with little transverse vibra-
tion. No a2dditional cracks could be found in the snoci-
men aftor complotion o0of the test.

DIGEST OF TEST RESULTS AND SURVEY OF RELATED LITERATURE

A survey. of pertinent published and unpublished in-
vestigations dealing with the subject of fatigue strength
of compmosite structures was made with special attention
to those that have refereorce to airecraft structures or to
the problems enumecrated in the first section. Reports of
cascg of fraocturcs due to accidental resonagnce of struc-—
turos wcre not particularly emphasized in this study be-
cruse they fail to give definite qualitative information
though thoy aro intercsting 1nasmuch.as thoy may rovoal
woak points in fatigue. L

The necessity of limiting this discussion primarily
to generalities ond prin01nles and of refraining from nu-
merical comparisons is apparent when the type of struciture
tested is considered, for only one series of fatigue Tests
hag been found on structures which closely resembled the
girder types tested at the Goodyear—Zeppelin Corporation.
These tests were conducted abroad and while the results
are not available for publication, they are in excellent
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agreement with the results obtained in our own laboratory.
These tests abroad were conducted under alternating axial
compression and tension stresses, with tension peaks ranging
from 17,000 pounds per square inch to 2%,000 pounds per
squars inch stress at a frequency of 30, cycles per minutse.
Failures in this series of tests occurred in similar .re=
gions gs did the group ofgirders tested by the Goodyear-
Zeppelin Corporation with approximately the same spread
insofar ag consigteacy of results is concerned.

That the physical characteristics of the material are
fundamental factors governing the. endurance propertles of
a structural element is agreed uvpon by ell investlgators.
However, numerous tests have indicated that there_is no
definite relationship between endmrance limit snd other
mechanical properties (references 1 and 3) and in particu-~
lar that tensile strength alone 1g not necessarily any
criterion of fatigue strength.\f“fuﬂﬁb(f

In figure 1 are reproduced ciirves of the cndurance
proporties of—the aluminum alloys 17ST and 173RT, It 1s
readily seen from the figure that 17SRT does not show an
incroosed fatigue. strength over that of 178T commengurate
with its increaged static strength. Similar rzgults are
shown by fatigue tests conducted on seamless aluminum agnd
aluminum-alloy tubing (reference ), in which tubes of
widely different tensile strengths (17ST and 51SW) have
been found to have practically the same endurance limlt.

It 1s of interest to note the range of endurance ra-
tios (endurence limit to tensile.strongth) of the aluminum
alloys =2s found by the Aluminum Company of America in tests
conducted in their laboratories (referencec 4). The highor
values. of theo ratio were found Ffor the alloys of low alley
content in the annealed, wrought condition. According to
Templin (reference 4), the endurandce ratios of these low
alloy, content alloys, in the properly annealed, wrought
condition would, under suitable testing conditions, be
found in the neighborhood of 0.5. With the higher alloy
content alloys, the tests revealed greater variations in
the endurance ratios. Heat treatment and cold working
improve both the fatigue properties and tensgile strength
of the various alloys, causing changes in the endurance
ratios such that the ratio varies:considerably for the
different alloys from approximatgly 0.19 to 0.55. Inas-
much =8 the beneficial effect af-heat treatment and cold
work is usually greater on the tensile strength than on
the fatigue properties of. the alldys, & decreasc of the
endurance ratio usually accompanieés either heat treatment
or cold working. : ' o B
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Although girders of different aluminum alloye were _
tested in the GZ fatigue tests, it is not possidble to def-
initely establish that variations in the results were due
to differences of material. The Y"Shenandoah!" type glrders
were fabricated of 17ST, the Goodyear-Zeppelin Corporation
girders were of 17SRT, while the material for the "Los
Angeles" girders was more similar to 17ST than to 17SRT.
Difforences in girder types and vossible corrosion are
thought to nave been as important factors in the results
obtained with the "Los Angeles" and "Shenandoah" girders
as the ocffect of material differonces.

The Aluminum Company of America fatigue curves re-
ferred to -Ehg¥eas figure 1 of this report, indicate an
improvement due to cold rolling in the fatigue strength of
the SRT alloys at high gtresses, but this improvemént
fades away as the longer endurances of low stress ampli-
tude are approached. Thig phenomensu of increased fatigue
strength due to cold working has been found by other 1n~“

vestigators (reference 5),

O« Je Horger (reference 6), in an interesting series
of tests on stecl gpecimens, concluded that fatigue strength
could be increased by as much as 32 percent in some cases
by cold rolling. According to Horger, his results indi«
cated that strain hardening (reference 7) in the absence
of residual stresses was directly responsible for the large
increase in fatigue strength. That the beneficlial effect
of cold working is not so marked for aluminum alloys and
other nonferrous metals is generally agreed and is borae
out by the Aluminum Company tests. The present series of
GZ tests cannot be considered as giving any indication of
the beneficial effects of cold rolling of the material
inasmuch as all girders tested with the exception of the
"Shenandoah' girders were of cold-rolled material and no
comparative results were obtainsed. )

Numerous attempts have besn made by wvarious investi-
gators to determine the sffect axing" the material,
& process defined by Gillet (_*ference 8 p.and Mackgas that
of gradually increasing the stress during the endurance
test. lost of these tests have shown that the gffect is
beneficial, but the results have been widely scattered in-
sofar as the degree of this beneficial influence is con-
cerned or the extent to which it can be carried before the
oeffect becomes harmful rather then helpful. A series of
tests conducted by R. R. MYoore (refercnce 9) indicated
thet understressing had a favorable influence on the en-—
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durance properties of naval brass, magnesium, and a magne-
siun~aluminum alloy, but showed no decided improvement

for aluminum, leading him to believe that in the case of
aluminum, 1if any beneficigl results are to be abtained,
the understressing must be done at,lower stresses than
those with which he exverimented, namely, 10,000 pounds
bPer square inch. Moore finally coicluded from those tests
that the possibilities of improvemént by understressing
are not as great for the light nonferrous alloys as with
the heavy nonferrous and ferrous alloys and that -his tests
had not demonstrated that the valiué of the endurance limit
could actually be raised for the light nonferrous alloys,
as was cone on steels. H. F. Mooré and T. M. Jasper (ref-
erence 10) have investigated the effect of understressing
on various metals and found that certain metals showed a
marked increase in fatigue strength while others showed
comnaratively little.

The GZ tests would seem to confirm the belief that
understressing has little effect~upon the fatigue proper-
ties of gluminum alloys. During the tests some of the
specimens were subjected to 2 number of cycles of stress
reversals at stresses below the dedired and final stress
at which the test was run, but the 'effect of this under-—
stressing, which in most cases consisted of comparatively
few cycles, was not apparent in the results.

A factor of importance 1n the ‘endurance of: any struc-
tural element is the range of" stress %o which the element
ig subgccted.

Well known is the fact, expressed by K. Schaechterle
(reference 11), that the: strongth under many repetitions
of loading of composite structures depends upon the range
of stregss - that, for example, if there is no reversal of
stress in a cycle and tho minimum stress is smero, the
strength under thig condition is greater than if the
stresses are compleotely reversed cach cycle at the samnoc
neak streosgs.

In the GZ tests conducted on the resonarce fatigue
machine, the stresses imposed upon the test gpeclmen were
completely reversed, but in earlier tests conducted on
an Amsler Universal testing machine, stresses were not re-
versoed, the range being from practipgally zero to the de=
sired ten51on Peak. Since no tests were run on the Amsler
machine &t reversed stress cycles, ho very accurate com-

Parisons can be drawn, dbut if the Amsler tests are com=—
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vared with the resonance machine tests, the results are
seon to fall in nearly the same region for both types of
stresses, reversed and pulsating. . The same is true if the
results of foreign tests previously mentioned, in which

the stresses were reversed at a frequency of 30 cycles ver
minute, are compared with the GZ Amsler test results whero
the freoquency was avproximately the same and the strosses
were not reversed. While it ig admitted that accurate
comparisons of such test results cannot bo made unlesgssg all
tcst conditions are duplicated as nearly as possible,

those results would at least seem to indicate that for
girder typcs of the nature and materials tested the range
of stress is not ag important as the results of most in-
vestigations would indicate, and that the maximum tension
stroess is porhaps the most important criterion. It is,

of course, vossible that differences in methods of stress -
determination in the different types of tests and the wide~
ly different frequencies at which they were run nmight over=~
gshadow any prossible variation due to differences of stress
rangcs 0

The effect of the frequency of stress cycles on the
endurance properties of materials is a moot question.
Most investigators are inclined to the belief that for _ _
"ordinary" speceds of stress reversals, the endurance lim~
it is independont of the frequency of vibration (refer-
ences 11, 12, and 13). In contrast to this, however,
tests have been conducted by Graf (reference 14) on certain
supposedly idontical riveted connections for the purpose
of determining the. influence of load frequency on fatigue
strength vhich have indicated that the number of load rep-—
etitlons which the specimens could stand beforo faillure
was larger for 350 load changes per minute than for 10 per
minute. These tests were not conclusive, howcver, inag-
much as comparatively few specimens were tested, the re-
sults were not consistent, and the difference 1in cycles
withstood before fallure was logarithmically small.

Actually, no very convincing evidence has been found
of the effect of frequency of load applications at low cy-
clos on endurance propertiecs of maltorianls. Ce Foe Jenkins,
in o series of tests in 1924 (reference 15) found a slight
increase of fatigue strength at high frequencieg -~ frequen-
cies of his tests varying from 50 cycles per second to
2,000, the largest increase of fatigue strength found be-
ing 15 percent at the latter frequency. In later tests
(reference 16), Jenkins and Lehman continued this investi-
gation at still higher fregquencies, up to 20,000 cycles
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per specand, and recorded lncreases of fatigue limits asg
high ns 60 percent with certain sfteels and 34 percent faor
a rolled aluminum alloy. Jonking' tegts ghowed, however,
that for frequencieg under 500 cyélesg per second, changes
of fregucncy have practically no effect on the fatligue
limit. - : - S

The GZ resonance machine tegsfs were conducted at fre-
gquencies of from 51 to 93 cycles per second, which is ad-
mittedly higher than frequencies which the girders might~
be exvected to encounter in actual service, dut in the
lisght of commonly accepted thought on this subject by most
invegtizators, it is felt that this frequcncy has not ob-_
scurcd ‘the results. At any rate,:corresponding tests made
on _the slow reversal axial stress: machinoc at frequencies
of only 3/4,cycle per second are in sufficiently close
agrcement to- juetify that belief.:

Ewing (reference 12) has shown, and others are in ac~
cord with him, that-the endurance . limit is usually higher
if-veriods of rest occur between the loadings, a factor
which will favor the girder in actual service as compared
with the conditions of the test.

Numerous corrosion fatigue tests have been made on
eluninum and other noanferrous metals as well ag on the
ferrous metals (references 17, 18, 19, and 20)s It has
been shown, anf should be emphasiged, that  the static ten-
sile strength may be unaffected by the corrosion, whereas
the resistance to repesated stresses is considerably af-~
fectcd (reference 21), Reductiong of as much as 35 per—
cent in the endurance 1limit of. aluminum alloys due to cor-
rosion havec been obtained with no. reduction in tenmsile
strength of the material.

De Jo H¥chAdam (reference 22) in investigating the ef-
fect of corrosion, also studied the corrogion-fatigue eof-
fect - that 1s, the influence of simultaneous corrosion
and fatigue. Heo has shown that corrosion simultaneous
with fatigue has a much more severe effect on the endur-
ance limit than does rwore severe corrposion prior to fa-
tigue. These tests reveal the corrosion-fatigue susceptl-
bility of aluminum alloys and cnPhasize the udcfulness of
proetective coatings. The corrosion~-fetigue limits for the
tempored and annealed duralumin have been shown to be prac-
tically the same, in this respect being similar to steecl,

Of the girder spocimens tested in our own laboratory,
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only the two "Shenandoah" girders appeared to have had
their endurance proverties affected to any.extent by cor-
rosion. Thege two girders, fabricated about 1922, had no_
protective coating and were ostensibly corroded. Their
low fatigue limits as compared with the remaining speci~
mens can be reasonably explained to be the result of this
corrosion, although stress concentratioms around the grom-
met holes might actually have been the determining fac~
tors. The "Los Angeles! girders, fabricated about 1924,
had a protective coating of varanish that is likely to have
retarded their corrosion materially. The inconsistency

of the results obtained with these "Los Angeles" girder
svecimens, however, may in part be due to some corrosion,
although other factors affected the tests of this partic—
ular girder type as explained under Description of the
TeStS- R -0

Much thought has been given to the problem of stress
concentrations accompanying any irregularities in the sur-
face of a structure. In the airship girders tested such
stresg concentrations result from perforations, flanges, _ B
indentations, rivets, etc. . . -

. The notch sensitivity of metals in fatigue has been
investigated in various tests (references 23, 24, - 26, and
26), but worthwhile results of a nature to be of benefit
to the designer are still few. PFPolnts of stress concen-—
tration are of particular importance in structural parts
subjected to reversals of stress, fatigus cracks general-
ly starting at such points (references 27, 28, and 29). |
Tegts have indicated, however, that while there is a de—
cided reduction in the fatigue strength due to stress
concentrations, this reduction is usually found to be
smaller than would be expected from the magnitude of the
calculased stress concentration (reference 30), This dis-
crepancy is usually explained as being the result of plas-
tic flow, the actual stress at the place of high gtress
concentration being much smaller than the calculated
stross,, this being particularly true for the more ductile
materials (reference 31). Moore (refercnce 9), however,
has arrived at the opinion that the property of ductility
alone as measured by elongation, while it may contribute
somewhat to the enhancement of the endurance properties
of a notch svecimen, is not necessarily the controlling
factor,.

Stress concentrations at holes have been studied 5y
numerous investigators (references 32, 33, 34, and 35).
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Their work throws much light on how the severity of stress
concentration at the edge of a haole depends upon the shave
of the hole, upon 1ts orientation .with regard to the di-
rection of stress, and upon the size of the hole as com-
pared to the width of the surrounding material. The offect
of semicircular grooves has been dtudied by Preuss (refer-
‘ence 36), while McAdam (referencée ;37) has tested spocimens
with simllar triangular grooves., ‘All of—those tests haveo
indicated that the weakening effect of stress concontra—
tions in endurance tests varies greatly with the matorial
and the ‘actual shape and type of structural element being
tested.

The Goodyear-Zeppelin tests have clearly pointed out
certain volnts of maximum stress goncentration in the gird-
ers tested. It would seem that—the comparatively low fa—
tigue strength of girders as compared with the fatigue _
strength of the material of which K they are fabricated, is
primarily due to stress concentratlons and to resldual
fabrication stresses. The consistency with which the 907"
type girders failed at the small punched and flanged hole
and the two failures at the flangds of the large hole when
the small holes were omitted on two specimens, apparently
indicates the presence of high tensile hoop stresses at
these points.. The pregence of thgse residual hoop stressgs
is Dorne out by the tendency of-the flanged hole to crack
radisglly from the 1lip during fabrlcation. The small but
soeningly well®bstablished 1mprovement in the fatlguo prop-
erties of the 907 type girder fournd when the small 5/16- i /
inch diamoter hole was roeduced to.l/4-inch diameter, servos
to confirm the bhelief that the degree of stress concentra-
tion ig affected by the size of the hole as compared with
the width of the material.

The early failures of the SX 382 type girder with the
rerforated closging strips also showed the effect of stress
concontrations at the holes. The many cracks which devel~
opod in thisg specimen were all at, 6 the holes of the cloging
strip and perwendicular to the dlrection of Suress. That
the holes were a source of gtress:concentrations was 1nd1~
cated by the longer life of the same girder tyne withoub
verforatlons in the closing strips.

While several girders failed at rivet holes, rived
holos werc not a predominant source of failure, indicating
that though they are points of stress concentration, riv-
ets are anot necessarlly the weakoét point of glrders in
fatigue,
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The many cracks which developed in the flanges of the
perforations on the N.A.F. girder of riveted construction
indicated the presence.of high residual stresses for this
type of flange. - e . —

Surface finish has boen shown to have a decided effect
on fatigue tests (references 38 and 329). For oxample,
(reference 40), Moore has shown the following results for
various finishes on certain steel specimens, with 100 per-
cent being taken as the endurance limit for highly pol-
ished specimens: ground finish 89, smooth turn finlsh 84,
rough turn finish 81. Comparative fatigue teste on 17ST
sheet, plain and anodized with sulphuric-acid electrolyte,
have beon made by the Aluminum Company of America, in o
which the anodizing appeared to have been beneficial. No
comparative endurance tests on aluminumw-slloy specimens
anodized with chromic-acid electrolyte are known to the
authors. g

Since the effect of surface finish is believed to de-
pend somewhat upon the thidcness of the material, the ef-
fect of material thickness on the fatigue properties of
composite structures such as airship girders was studied
in the Goodyear-~Zeppelin tests. An increase ia the gage
apparently increased the fatigue limit. The gages used in
the tests were 0.023 inch and 0.040 inch.

While in most cases girders of exactly the same kind ,
which were tested gave relatively consistent results, the
difference in results obtained with specimens 10 and 18
is a warning not to draw too definite conclusions from so
limited & program.

Few tosts of a comparative nature which might indicate
the relative fatigue strengths of riveted and welded con-
nectiors of aluminum~-alloy structures have been made.

Stress concentrations are, of .course, known to exist at

both rivets and welds, these points being common points of
fatigue failures. The fatigue behavior of spot-welded alu-
ninum connections has long been questioned due to the known
low endurance properties of the aluminum alloys in the ‘an-
nealed condition. The fact that the annealed condition of
the material resulting around a spot weld is also a point

of high stress concentration accentuates the unfavorable
conditions insofar as fatigue strength is concerned (ref-
erence 41), ' ' T

Fatiguc tests carried out by D.V.L. (refersnce 42) on



30 N.A.C.A. Technical Note Noi 637

spot~relded stecl spars have indliecated that it is in the
circle of annealed metal immediatEly surrounding the weld
that fatigue cracks originate rather than in the weld it=
self, Minute cracks in the weld itself, howevor, and es-
pecinlly at the edze of the weld, may lead to a low endur-—
nnce strongth. : ' N

In the one spot-welded girder testod at the Goodycar-
. Zeppelin Cornoratlon practically all of the many cracks
thch developrd, orlglnated in-the weld and not in the an-
nealed region immediately gurrounding the weld.

CONCLUSIONS ¥ROM TESTS

Numerous lessons can be learhed concerning the fatigue
properties of composite structures in general and cerfaln
airgship girder_iynes in particular as a result of the in-
vegtigation conducted at the Goodysar- Zepbelin Corporation.
A brief summary of these lessons Follows:

1, The endurance properties in reyversed axial load
tosts of such girders as werc tested, l.e.,
GZ 3000907 box-type, ¢2Z 5X%82 truss~type,
"Log Angeles!" truss=typo. "Shenandoah" truss-
typae, and N.A.F, box=type, arc consideradbly
lower than tho eondurahce propeérties of sheot
spocimens of the material. of which the girders
are fabricated as given by roverscd bend tests.
V5 definite factor has been ostablished, dut
in general the stresses withstood by the gird-
ors tested for a given number of roversals,
were found to be apptéximately one-third of
the corresponding strésses for the cheet mate—
rinl ag determined by the Aluminum Company of
Amcrica in bending tests. No comparative vole
uesg for the endurnsnce. of the sheot material
whon gubjectod ko reversal axlal load are avall-
Able. The reosults from tests of the GZ 30003807
type girders hold fairly closely to the abhove
factor, while some of the remaining girdors ex-
hibited fatigue properties congldoradbly lower,
duce to the influenco of varlous fnctors prav1~
ously discussed.

2. Stress concentrations definitely affect the fe-
tigue 1limit of girders. The small diameter
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hole in the GZ 3000907 type girder 1g the weakw
est point of that varticular girder type in
fatigue. Decressing the size of the small .
hole from 5/16-inch diameter to l/é-lnch diam-
eter and ot the same time increasing its dlg-
tance from the edge of the material slightly
gives an increase in the fatigue properties of
the girder. However, omission of the 1/4-

inch hole entirely indicated only a very slight
further improvement in the fatigue strength of
the girder.

The region surrounding rivets, though subject to
stress concentration and occasional fallure
in fatigue, need not necessarily be the weak-
est point in fatigue of composite fgirders, .
failures in the girders tested showing no de-~
cided tendency to pass through rivot holes.
However, girders which failed at rivets were
in general no better than those which failed
oelsewhere, indicating that rivets affect the
fatigue strength about as much as other
sources of stress concentration in the glrdu
ers tested.

Grommet holes are susvicious points. They and
any unfilled holes are more apt to be points
of origin of fatlgue failures than rivet-
filled holes.

Gorrosion-épparently wveaksns such structures in
fatigue.

An increase in fatigue resistance seems to accom-
pany an increase in the thickness of the mate-
rial,

The single spot-welded girder tested indicates a
weakness in fatigue for this method of 301n1ng.

The type of flange used at holes is an important
factor in the fatigue properties of such struc-
tures, fatigue cracks generally originating at
these points. The type of flange used on the
sveclal type of girder furnished by the Navy
Department apreared inferior in fatigue as com-~
vpared with the Goodyear—Zeppelin type of '
flange.
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RECOMMENDATIONS FOR FUTURE LABORATORY TESTS

A continuation of—the present laborqtory 1nvest1ge~ .
tioxn of the. fatigue properties of airship girders is rec— -
ommended with the following su&gestions offercd as & posg-
sible guide to such future investigations: _

l. In future fatigue tests an any one type of gird-
er, it would be desirdble to investigate the
effects of the many variable factors entering
into its fatigue propgrties. Testing various
girder types gives interesting results but in
order to arrive at definite.conclusions, it
would help if a single girder type—is seoclected
as an example and many tests carried out on
this one type with a view to determining the
offect. of variations in loading, stress range, .
material differences, dage variationg, varia-
tions of . the perforatlon pattern and method
of joining., . : o =

2e¢ Little is known concernimg the endurance strength -
of the light alloys under other than flexural-
stress reversals. It would seen desirable to
run systematic fatigue tests on aluminum-alloy .
thin~wallef aspecimens unéder symuetric and un-
symmetric tension-compression cycles batween
varioug maximum and minimum stress limits.
It is also highly desgirable that such tests be
conducted. on asctual girder specimens.

7s Tosts to investigate the shear fatigue of girders A .
would be of interest. To debtermine the fatlgue
behavior of such structures under all possiblo
loading conditions is perhavs impractical, but
systematically selectesd tests of combinations
of tengion, compresslon, bending, and shear
should reveal lessons of fundamental impor-
tance.

4. More systematic investigations could be mads to
determine regidual stresses and the degree of
stress concentrationsg existing around perfora-
tions and at other irregularities of the gird-
er gurface, with a view to reducing the sever-
ity of such concenitrations wherever possible.
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The effect of occasional cycles of overstress on
the fatigue properties of girders should be
investigated.

Hore thorough comparative tests of spot-welded
and riveted girders should be made before any
definite conclusions can be drawn conceraning
their comparative fatigue properties.

A systematic series of corrosion fatigue tests on
girders would be of assistance in attempting
to determine the useful life of. such struc-
tures.

The fatigue properties of various types of girder
svlices should be investigated.

Goodyear-Zeppelin Corporation, )
Akron, Ohio, September 1937. : _ e ——
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Figure 11,




